An investigation of the dynamics of the change to the granulometric structure of polypropylene (PP) when modified in a solid state of aggregation (ref. 1) identified a correlation between the degree of grafting of a comonomer with the degree of plastic deformation of the polymer particles. The plastic deformation of the material is assessed (ref. 1 ) from the change in the particle dimensions by means of particle size analysis. The objective of this work was to investigate the influence of the intensity and time of mechanochemical modification of PP in a solid state of aggregation on the morphology of the particles and to compare the results of electron microscopy with the results of particle size analysis. The particles were grouped in four different hierarchical levels differentiated by order of magnitude. The levels were as follows: 1 -(0.1-1.0 µm), 2 -(1.0-10 µm), 3 -(10-100 µm) and 4 -(10000 µm). The fourth structural level of the polymer contained particles from all three finer levels (for more details see [refs. 2-4] ). Where plastic deformation and the degradation of the material caused a change to the specific surface of the polymer, we evaluated it for materials produced in different conditions.
The results obtained were compared with a number of grafted -COOH groups in different material fractions produced in similar conditions (refs. 1, 5).
EXPERIMENTAL PART
The morphology of the materials was investigated using an ISM-5300 scanning electron microscope made by
The authors are with The Institute of Synthetic Polymer Material RAN, Moscow JEOL-1100 (Japan). The specific surface was evaluated on a 1'X-1 apparatus. The materials investigated and their characteristics are shown in Tables 1 and 2 .
The duration of the exposure of the material changed from 7 to 70 minutes and the intensity of the exposure from 13 to 20 J/g·s.
The materials were investigated directly after modification and also after the extraction of the unreacted monomer from them ( Fig. 2) . Analysis was performed on the entire batch of material (Table 2 ) and its individual fractions (Table 1) .
RESULTS AND EVALUATION
1. The impact of 'gentle' and 'harsh' conditions during periods of exposure (from 7 to 21 minutes) on the morphology of particles of PP during their modification.
During the modification of PP with 5% of different modifiers (MA, MK, NaMt) in gentle 'conditions' (J = 13 J/g(s) and short (7 minutes) exposure periods for the material, its 4th level particles agglomerate ( There is a significance increase in the average particle diameter. For example, the maximum value for material with 5% MA is 33%. After the extraction of the unreacted monomer, regardless of the type of modifier and the amount of grafted (-COOH) groups the particle dimensions of all three batches of material are close to the dimensions of the particles of the original PP, ( The form factor for extracted and non-extracted materials and PP in its original condition and after processing in 'gentle' conditions with a short exposure period (7 minutes) changes insignificantly (from 0.90 to 0.92), i.e. the shape of all particles is approximately spherical.
The material (with a 20% content of MK) responded similarly to the 'gentle' modification when the time was increased to 21 minutes. For example, the size and shape of the 4th level particles in the 'gentle' conditions were similar to the average dimensions of the particles in the original PP (Table 2 , No. 6 and No. 1 and Fig. 11 ). When modified, the monomer particles cover the polymer particles uniformly (Fig. 1a) . (Table 1 , No. 8) mainly have an almost spherical shape. We also observed flattened particles. Only a few isolated particles were greatly deformed and degraded (Fig. 2c) .
Therefore, when PP was modified for up to 21 minutes in 'gentle' and 'harsh' conditions, the particles in the 400-630 µm fraction (4th structural level) generally retained their dimensions and shape regardless of the type and amount of modifying additive (MA, MK, NaMt) in the 5 to 20% interval.
In the field of the particles of modified PP (200-315 µm fraction) Fig. 3 a, b and Table 1 , No. 7), we can see a large number of greatly deformed and degraded particles. This fraction of material was obtained in the same conditions as the above-mentioned particles in the 400-630 µm fraction, (see Table 1 , No. 7 and No. 8). The surface of the deformed particles may be distinguished from the particles that have kept their shape. In the original material and the particles in the 400-630 µm particles, the surface is tegular with a clearly defined relief and a large number of original micro-globules from the 1st level. However, in the deformed particles in the 200-315 µm fraction (Fig. 3b and 4a -particles are twisted into a tube), the surface is smooth, as though it has been rolled and contains a large number of cracks ( Fig. 3c and 4b) . The particles in both fractions belong to the 4th structural level. When 4th level particles are deformed and degraded, in some areas, both the external and the internal 'loose' part of the particles are subject to deformation (Figs. 3b and 4b) . Therefore, with an experimental exposure period of 7 minutes we note that the finest material fraction is subject to plastic deformation (1st-3rd structural levels <100 µm), but when the modification time is increased to 21 minutes, a large part of even the largest material fraction (200-315 µm, i.e. the 4th level) is subject to plastic deformation and degradation, see Figs. 3a, 3b, 4a and 4b .
In the more deformed fine fraction (200-315 µm) of the material, there is a much greater (3 times as many) number of grafted -COOH groups than in the 400-630 µm fraction (see No. 7 and No. 8 in Table 1 ). This means that the grafting of the monomer to the polymer in the conditions of solid-phase modification is linked to the plastic deformation of the material.
II. The impact of 'gentle' and 'harsh' conditions with a long (70 min) period of exposure on the morphological particles of PP during modification Fig. 5a , 5b and 5c show fields of PP particles with no modifying additives, which have been processed in an extruder in 'harsh' conditions for a period of 70 minutes (Table 1 , No. 4). We can see that the majority of the 4th level particles (1 mm) undergo deformation and degradation. Up to 40% of the particles undergo extreme changes. There are numerous flattened (disk-like) particles (Fig. 5c ) with a greatly smoothed relief in the dense external parts of the particle, with the boundary between the 3rd level particles being less noticeable. In individual particles, this boundary is retained or enlarged. In the particle field (Fig. 5a, 5b and 5c ), we can see particles flattened into a laminae and then forming complex particles of the 'tube', 'box' etc type. The laminae may envelope particles which have retained their shape (Fig. 5b) .
Before (Fig. 6a) and after ( Fig. 6b and 6c ) extraction of the unreacted monomer, PP particles (4th level) which had been modified in 'gentle' conditions for a period of 70 minutes underwent a change. They were deformed (flattened, Fig. 6a ) covered with fine deformed and degraded level 1 and 2 particles (Fig. 6b, 6c ). The boundary between 3rd level particles in the dense part is either obliterated or expanded. We can see the degradation of particles in which access is opened up to the internal porous part of the particle. 
After extraction, the greater part of the (4th level) PP particles modified in 'harsh' conditions for 70 minutes (Fig.  7a, b and c) were subject to maximum deformation and degradation. Many particles constitute part of the former 4th level oval particles. They retain the dense external part and the 'loose' deformed internal part. We can see many individual 'loose' deformed particle parts in Fig. 7a and 7b. Fig. 7c shows individual particle parts which have been flattened into laminae. The 3rd level particle boundary in individual 4th level particles retaining their oval form is either obliterated or expanded as in the batch of material (Fig. 6) . The individual 'loose' particles observed ( Fig. 7a and 7b ) may be:
1.
The internal part of the 4th level deformed and degraded particles 2.
Agglomerates of the original 1st, 2nd and 3rd level particles, which have undergone plastic deformation and degradation
3.
Agglomerates of fine fragments of the deformed and degraded internal and external parts of particles And therefore, with an identical material modification time (70 minutes), an increase in the intensity of the exposure ('harsh') conditions resulted in greater plastic deformation and the degradation of particles into different hierarchical material structural levels compared to material produced with less intensive exposure ('gentle' conditions). As a result, the material subject to significant plastic deformation ('harsh' conditions) has a higher number of grafted -COOH groups compared to material obtained in 'gentle' conditions (see Table 1 , No. 6 and No. 9).
III. Investigation of the specific surface Table 2 shows the specific surface values for the materials investigated. In the case of PP without any modifying additives, increasing the processing time in the extruder leads to an insignificant monotonous growth of the specific surface (from 0.18 to 0.27 m 2 /g, see Table 2 , Nos. 1-4). The change in the specific surface of materials with 5% modifier (and a time of 7 minutes), both after their production and after the extraction of their unreacted monomer, (Table 2, Nos 11 and 12) is also insignificant. Increasing the time of the 'gentle' processing to 21 minutes has no impact on the material's specific surface, (Table 2, No. 6) after extraction. This correlates with the retention of the average particle dimensions of these materials, ( Table 2 , Nos. 1, 6 and 12). A slight increase in the material's specific surface before extraction, ( Table 2 , No. 5) may be linked to the presence of a pulverised modifier (20%).
For material obtained in 'gentle' conditions with a time of 70 minutes with a 20% original content of MK (Table 2 , Nos. 7-8), the specific surface of the extracted material is no different from that of the non-extracted material. The value of the specific surface is much higher (0.64 m Table  2 , No. 12). 
For material with the same original content of monomer (20 % MK) but obtained in 'harsh' conditions in a time of 70 minutes, the processes seen in the earlier material ('gentle' conditions) were intensified. There is an even greater increase in the specific surface (to 1.0 m 2 /g, Table 2 , No 10), which is due to the plastic deformation and the degradation of the material. Compared with unextracted material, in the extracted material the specific surface expands (from 0.7 to 1.0 m 2 /g), which is due to the fact that during the extraction of the unreacted monomer, the surface of the polymer is etched with defects (grafting points) and etching craters form.
Therefore, the investigations performed showed that increasing the intensity and time of the mechanochemical modification of polypropylene (from 7 to 70 minutes) causes the processes of deformation and degradation, which start with the fine fraction of the material, to encompass the higher hierarchical structural levels of the material and is seen in the majority of the material.
A change to the morphology of PP fractions when the time and intensity of the modification is increased is reflected in an increase in the specific surface of the material.
The addition of a monomer to the polymer is linked to the associated plastic deformation of the monomer and polypropylene in all its hierarchical levels and the degradation of the material.
